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R455As described above, homeostatic
live cell extrusion occurs both in
Drosophila and vertebrates
(Figure 1C,C0), although the molecular
mechanisms governing these two
processes seem to be different. Live
cells are basally delaminated from
crowded epithelia in Drosophila
(Figure 1C), whereas cells are apically
extruded in vertebrates (Figure 1C0).
According to the data presented by
Marinari et al. [9], extrusion occurs
mechanically in a stochastic manner
in Drosophila (Figure 1C). In contrast,
Eisenhoffer et al. [10] showed that S1P
and stretch-activating ion channels
are involved in live cell extrusion in
vertebrates (Figure 1C0). But these
differences are not necessarily
mutually exclusive. It remains to be
elucidated whether live cell extrusions
are evolutionarily conserved processes
and are regulated by common
molecular mechanisms between
different species. For example, does
progressive loss of intercellular
adhesions occur in vertebrates? Do
S1P and stretch-activating ion
channels play crucial roles in
Drosophila?
So, there are now three known types
of homeostatic cell extrusion, involving
either apoptotic, transformed or live
cells (Figure 1). Marinari et al. [9] and
Eisenhoffer et al. [10] have shown that
extrusions of apoptotic and live cells
are regulated, at least partially, by
distinct mechanisms. At present, the
molecular mechanisms for extrusionof transformed cells are not clearly
understood. During apical extrusion
of Ras- or Src-transformed cells, actin
ring formation does not occur,
as observed for apoptotic and live
cells [6,7]. Thus, it remains to be
investigated whether extrusion of
transformed cells involves similar
molecular mechanisms to other types
of extrusion.
It is plausible that crowding-induced
delamination is a general process
that maintains proper epithelial
integrity in a variety of tissues. One can
presume that perturbation of this
homeostatic system causes several
diseases, including cancers. It was
previously reported that inhibition
of apical extrusion of transformed
cells results in their basal delamination
and invasion into the matrix [6]. It is
highly likely that defects in
homeostatic live cell extrusion are also
involved in cancer development,
considering that cell densities are
profoundly increased in hyperplasia
or polyp lesions. Further studies on
these issues could reveal undiscovered
molecular mechanisms for cancer
development and lead to new ways
to fight against cancers.References
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BARsMembrane bending is accomplished in part by amphipathic helix insertion into
the bilayer and the assembly of BAR domain scaffolds preparing themembrane
for fission. Two recent studies highlight the roles of amphipathic helices and
BAR scaffolds in membrane fission and establish the structural basis of
membrane bending by the N-BAR protein endophilin.Volker Haucke1,2
Cellular compartmentalization and
membrane flux depend on the spatially
and temporally controlled remodeling
of membranes, which regulates
essentially all aspects of cell
physiology ranging from signaling to
cell motility and development [1,2].Remodeling of membranes among
other mechanisms involves proteins of
the Bin/Amphiphysin/Rvs (BAR)
domain superfamily, which includes
N-terminal BAR (N-BAR), extended
FCH-BAR (F-BAR), and inverse BAR
(I-BAR) proteins [1]. BAR domains are
dimers of antiparallel helix bundles
[1–4] that accommodate differentlyshapedmembranes, such as endocytic
membrane tubules, filopodia, or
organellar subdomains. By assembling
into regular protein arrays,
BAR-domain proteins may provide
scaffolds for the generation and
stabilization of curved membrane
domains that may subsequently
undergo fission [1,2,5], for example,
during formation of endocytic vesicles
or tubules.
Apart from acting as
membrane-deforming scaffolds,
a subset of BAR-domain proteins
has also been proposed to bend
membranes by insertion of
amphipathic helices, such as those
found in the N-BAR protein
endophilin [6–8], a crucial factor in
clathrin-mediated endocytosis of
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Figure 1. Model for the function of BAR domains and amphipathic helices in regulating
membrane deformation and fission.
(A) Insertion of hydrophobic or amphipathic helices (blue) into tubular membranes may be
sufficient to drive fission or vesiculation. (B) BAR domain assemblies (orange) containing
hydrophobic or amphipathic helices (blue) may scaffold tubular membranes. Vesiculation
may depend on the number of fission-promoting hydrophobic or amphipathic helices (H0)
and is restrained by BAR domain scaffolds. (C) Tight lateral assembly of BAR domains (orange)
into a rigid scaffold.
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R456synaptic vesicles in neurons [9].
Hydrophobic or amphipathic insertion
of helices or protein domains has also
been postulated to drive membrane
bending by proteins that lack BAR
domains, such as the epsin N-terminal
homology (ENTH) domain-containing
endocytic protein epsin [10] or the Arf1
and Sar1 GTPases. Two new studies
recently published in Cell by Boucrot
et al. [11] and Mim et al. [12] have
examined whether and how these
mechanisms cooperate during
membrane deformation and fission and
how the assembly of distinct types
of BAR-domain proteins drives
membrane remodeling.
Boucrot et al. [11] combined cell
biological and biochemical analyses
with theoretical modeling. On the basis
of computational models, these
authors predicted that amphipathic
insertions favor membrane fission and,
thus, vesiculation by destabilizing the
vesicle neck (Figure 1A), whereas
BAR-domain scaffolds may stabilize
the tubular state, thereby inhibiting
fission (Figure 1C). Consistent with this
prediction, it was demonstrated thatepsin, via a mechanism involving its
amphipathic 0 helix [10], promotes
vesiculation of large liposomes in vitro.
Cells depleted of all three epsin
isoforms displayed defects in
clathrin-mediated endocytosis and
accumulated pleiomorphic coated
intermediates that were stalled in the
endocytic process, although these
intermediates were somewhat different
from those seen followingmanipulation
of bona fide membrane fission factors,
such as the oligomeric GTPase
dynamin or the BAR-domain proteins
that recruit dynamin [13,14]. This
phenotype is also distinct from that of
mice lacking the major brain epsin
isoforms (epsins 1 and 2), which die
embryonically at the onset of
organogenesis due to defective Notch
signaling [15]. The authors argue that
the presence of epsin 3 in these
animals might be sufficient to
compensate for the endocytic function
of all other epsin isoforms.
Perhaps the most striking result was
that overexpression of epsin 1 could
restore transferrin internalization in
cells depleted of dynamin [16,17],believed to be the final executor of
membrane fission during endocytic
vesicle formation downstream of
BAR-domain proteins [14]. However,
epsin was unable to restore defective
fission in cells treated with the small
molecule compound dynasore, which
is thought to lock dynamin and/or its
binding partners at vesicle necks,
further arguing that oligomeric
scaffolds assembled at tubular
membrane sites may restrain fission.
An important aspect of this work that
likely will stimulate further discussion in
the field is the question of whether
membrane remodeling, and perhaps
fission, solely result from amphipathic
helix insertion as argued by Boucrot
et al. [11] or whether hydrophobic
insertion predominantly serves as
a mechanism for protein enrichment at
sites of remodeling, resulting in steric
strains or protein crowding effects as
inferred from biophysical studies [18].
Distinguishing between these effects
may not be an easy task, as most
mutations that affect helix insertion will
almost invariably alter membrane
binding [10], both quantitatively and
mechanistically.
Amphipathic helices appear to be
rather miraculous entities that can fulfill
yet another function in membrane
remodeling. When Mim et al. [12] used
cryoelectron microscopy to study the
three-dimensional organization of the
endocytic N-BAR protein endophilin,
which has a key role at late stages of
endocytosis by recruiting dynamin and
the lipid phosphatase synaptojanin
[6,8,19], they noted several unexpected
features of the assembled protein
scaffold. Membrane tubules coated
with either full-length endophilin or its
N-BAR domain displayed a remarkable
degree of structural and geometric
flexibility, thereby accommodating
membrane tubules of different
diameters. More importantly though,
endophilin coats showed an
organization that was strikingly
different from that previously reported
for the related F-BAR proteins, which
form a closely packed lattice held
together by extensive lateral as well
as tip-to-tip interactions between
adjacent F-BAR domains [20]. By
contrast, lattices formed from the
N-BAR domains of endophilin lack
direct lateral contacts due to the
formation of a regular array of rings or
helices spaced 50 A˚ apart along the
z-axis of the tubule. This organization
results in large areas of exposed
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R457membrane bilayer in between these
N-BAR protein arrays, leaving ample
room for dynamin and other BAR
protein effectors to act.
How can such spacing be achieved
in spite of the overall similarity of the
BAR-domain architecture shared
between N-BAR and F-BAR domains?
The secret lies in the amphipathic
helices characteristic of N-BAR
proteins such as endophilin [7]. The
amphipathic 0 helix (perhaps in
conjunction with another helix inserted
into the BAR-domain fold) provides key
contacts for lattice assembly by
antiparallel interactions between
0 helices from adjacent rows that place
the 0 helix pair parallel to the
membrane surface and to the z-axis of
the tubule (Figure 1B). The crucial role
of helix 0 was indeed verified both by
experimental probing and by
coarse-grain simulations in silico.
Another observation of potential
physiological relevance is the fact that
the SH3 domains of endophilin, which
arguably are crucial for endophilin
function by recruiting effectors,
including dynamin and synaptojanin
[9,19], are placed into dimeric contact
in only a subset of endophilin-coated
tubules with a diameter of 28 nm,
a value close to the diameter of vesicle
necks observed in situ. These data
suggest that assembly of the N-BAR
protein lattice might control effector
recruitment or function by
a geometry-based code rather than
by mere affinity or avidity effects.
Precisely how such a mechanism
operates in a cellular environment
remains a fruitful aspect for future
studies.
Finally, how then do amphipathic
helices capable of membrane insertion
and BAR scaffolds cooperate in
membrane remodeling? A glimpse at
this is provided by Boucrot et al. [11],
who compared the ability of BAR
proteins with a variable number of
helices to induce fission or vesiculation
in vitro or when overexpressed in cells.
It appears that, consistent with the
theoretical predictions, the ability of
BAR-domain proteins to promote
vesiculation scales with the number ofamphipathic helices present, at least
under these somewhat artificial
conditions, suggesting that BAR
scaffolds may restrain rather
than promote membrane
fission (Figure 1B,C).
These new studies provide a
mechanistic framework for membrane
deformation and fission that can
potentially explain a large variety of
membrane remodeling events, ranging
from exo-endocytic and secretory
membrane traffic to cell signaling and
virus budding. The unexpected
structural diversity of BAR-domain
arrays at membranes further suggests
that spatiotemporally regulated
assembly of dynamic multiprotein
complexes during membrane
remodeling, in addition to kinetic and
thermodynamic control by affinity and
avidity effects, may involve steric
selection of binding partners in
a curvature-sensitive fashion, as
suggested for endophilin [12]. This is an
attractive idea in the light of recent
findings indicating that
synaptojanin1-mediated PI(4,5)P2
hydrolysis is modulated by membrane
curvature via an endophilin-based
mechanism [19]. More quantitative
biophysical experiments and further
studies in vivo will be required to put
these ideas to the test.
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